Recent phylogenetic analyses position certain 'orphan' protist lineages deep in the tree of 30 eukaryotic life, but their exact placements are poorly resolved. We conducted phylogenomic 31 analyses that incorporate deeply sequenced transcriptomes from representatives of 32 collodictyonids (diphylleids), rigifilids, Mantamonas and ancyromonads (planomonads). 33
Introduction 44
Our understanding of the eukaryote tree of life has been revolutionized by genomic and 45 transcriptomic investigations of diverse protists, which constitute the overwhelming majority of eukaryotic diversity (Burki 2014; Simpson and Eglt 2016) . Phylogenetic analyses of supermatrices of proteins typically show a eukaryote tree consisting of five-to-eight 'super-groups' 48 that fall within three even-higher-order assemblages: i) Amorphea (Amoebozoa plus Obazoa, the 49 latter including animals and fungi), ii) Diaphoretickes (primarily Sar, Archaeplastida, Cryptista 50 and Haptophyta), and iii) Excavata (Discoba and Metamonada) ( Using a custom phylogenomic pipeline plus manual curation we generated a dataset of 351 73 orthologs. The dataset was filtered of paralogs and potential cross-contamination by visualizing 74 each protein's phylogeny individually, then removing sequences whose positions conflicted with 75 a conservative consensus phylogeny (as in (Tice et al. 2016; Kang et al. 2017 )) (supplementary 76 methods). We selected data-rich species to represent the phylogenetic diversity of eukaryotes. 77
Our primary dataset retained 61 taxa, with metamonads represented by two short-branching taxa 78 (Trimastix and Paratrimastix). We also analyzed a 64-taxon dataset containing three additional 79 longer-branching metamonads. Maximum likelihood (ML) and Bayesian analyses were 80 conducted using site-heterogeneous models; LG+C60+F+G and the associated PMSF model 81 Our analyses of both 61-and 64-taxon datasets robustly recover well-accepted major 86 groups including Sar, Discoba, Metamonada, Obazoa, and Amoebozoa ( Fig. 1, S1 ). Cryptista 87 (e.g. cryptomonads and close relatives) branches with Haptophyta ( Fig. 1 ) in the LG+C60+F+G-88 PSMF analyses as well as in one set of two converged PHYLOBAYES-MPI chains under the CAT-89 GTR model ( Fig. S2 ). However another pair of converged chains places Haptophyta as sister to 90 other recent phylogenomic studies (e.g., (Burki et al. 2016) ). Excavata was never monophyletic, 92
with Discoba forming a clan with Diaphoretickes taxa (Sar, Haptophyta, 93 Archaeplastida+Cryptista) and Metamonada grouping with Amorphea plus the four orphan 94 lineages targeted in this study (see below). Malawimonads, which are morphologically similar to 95 certain metamonads and discobids (Simpson 2003) , also branch amongst the 'orphans' (see 96 below Phylogenies of both datasets place all four orphan taxa near the base of Amorphea ( Fig.  99 1, Fig. S1 ). The uncertain position of the eukaryotic root (discussed above) therefore makes it 100 unclear which bipartitions are truly clades, and which could be interrupted by the root. To allow 101 efficient communication, we discuss the phylogenies as if the orphan taxa all lie on the 102 Amorphea side of the root. We will also consider Amorphea as previously circumscribed (Adl et under the LG+C60+F+G mixture model (Table S1 ). These tests rejected the Phylobayes trees, as 125 well as all trees optimized by enforcing constraints representing plausible alternative relative 126 placements of ancyromonads, malawimonads, and metamonads. 127
The fastest evolving sites are expected to be the most prone to saturation and systematic 128 error arising from model misspecification in phylogenomic analyses (Philippe et al. 2011 ). We 129 conducted a 'fast-site removal' analysis with the 61-taxon data set and generated ultrafast 130 bootstrap support (UFBOOT) values (Minh et al. 2013 ) for relevant groups as sites were 131 progressively removed from fastest to slowest ( Fig. 2A ). All groups of interest receive 132 reasonably strong support until ~44,000-48,000 sites were removed, when support fell markedly 133 for the ancryomonad+malawimonad clade and the 134 Amorphea+CRuMs+ancryomonad+Malawimonas clan. At this point, a notable proportion of the 135 bootstrap trees show malawimonads and/or ancyromonads grouping with metamonads. This 136 decline in support for the ancryomonad+malawimonad group reverses somewhat with further 137 site removal, before support falls again as overall phylogenetic structure is lost when ~76,000 138 sites are removed ( Fig. 2A) . 139 To evaluate heterogeneity in phylogenetic signals amongst genes (Inagaki et al. 2009 ), 142 we also inferred phylogenies from subsamples of the 351 examined genes (61-taxon dataset; Fig.  143 2B,C). For each subsample 20-80% of the genes were randomly selected, without replacement, 144 with replication as per Fig. 2B (giving a >95% probability that a particular gene would be 145 sampled at each level), and UFBOOT support for major clades was inferred (Fig. 2C) . The '80% 146 retained' replicates gave nearly identical results to the full dataset, indicating that there was little 147 stochastic error associated with gene sampling at this level. Support for the CRuMs clade is 148 almost always high when 40%+ of genes are retained, while subsamples containing 60% of 149 genes still showed differing support for a ancyromonad-malawimonad clade (as opposed to, for 150 example, malawimonads branching with metamonads). A reference data set of 351 aligned proteins described in (Kang et al. 2017 ) was used as the 202 starting point for the current analysis, from which 61 or 64 taxa representing diverse eukaryotes 203 were selected (see Table S2 ). Extensive efforts were made to exclude contamination and 204 paralogs, as described in the supplemental text. Poorly aligned sites were excluded using BMGE 205 (Criscuolo and Gribaldo 2010) , resulting in an alignment of 97,002 amino acid (AA) sites with 206 less than 25% missing data for both 61-and 64-taxon datasets (Table S2) . 207 208
Random Resampling of Genes

Phylogenomic tree inference
Maximum likelihood (ML) trees were inferred using IQ-TREE v. 1.5.5 (Nguyen et al. 2015) . The 210 best-fitting available model based on the Akaike Information Criterion (AIC) was the 211
LG+C60+F+G mixture model with class weights optimized from the dataset and four discrete 212 gamma (G) categories. ML trees were estimated under this model for both 61-and 64-taxon data 213 sets. We then used this model and best ML tree under the LG+C60+F+G model to estimate the 214 'posterior mean site frequencies' (PMSF) model (Wang et al. 2017 ) for both 61 (Fig. 1 ) and 64 215 ( Fig. S1 ) taxon data sets. This LG+C60+F+G-PMSF model was used to re-estimate ML trees, 216 and for a bootstrap analysis of the 61-taxon dataset, with 100 pseudoreplicates (Fig. 1 ). AU 217 topology tests under the LG+C60+F+G were conducted with IQ-TREE to evaluate whether trees 218 recovered by the Bayesian analyses or alternative placements of the orphan taxa could be 219 rejected statistically. 220
Bayesian inferences were performed using PHYLOBAYES-MPI v1.6j (Rodrigue and  221 Lartillot 2014), under the CAT-GTR+G model, with four discrete G categories. For the 61-taxon 222 analysis, 6 independent Markov chain Monte Carlo chains were run for ~4,000 generations, 223 sampling every second generation. Two sets of two chains converged (at 800 and 2,000 224 generations, which were respectively used as the burnin), with the largest discrepancy in 225 posterior probabilities (PPs) (maxdiff) < 0.05. The topologies of the converged chains are 226 presented in Fig. S3 and S4 and are mapped upon Fig. 1 . For the 64-taxon analysis, four chains 227 were run for ~3,000 generations. Two chains converged at ~200 generations, which was used as 228 the burnin, (maxdiff = 0) and the posterior probabilities are mapped upon the ML tree in Fig. S1 . 229 230
Fast-site removal and gene subsampling analyses
For fast site removal, rates of evolution at each site of the 61-taxon dataset were estimated with 232 DIST_EST (Susko et al. 2003 ) under the LG model using discrete gamma probability estimation. 233 A custom PYTHON script was then used to remove fastest evolving sites in 4,000-site steps. 234
Random subsampling of 20, 40, 60, or 80% of the genes in the 61-taxon dataset was conducted 235 using a custom PYTHON script, with the number of replicates as given in Fig 2B. In both cases 236 each step or subsample was analyzed using 1,000 UFBOOT replicates in IQ-TREE under the 237
LG+C60+F+G-PMSF model. 238
239
Data availability 240
All new transcriptomic data have been deposited at the National Center for Biotechnology 241
Information under BioProjects PRJNA401035, as detailed in Table S1 15K14591 awarded to RK, 23117006 and 16H04826 awarded to YI, 15H04411 awarded to KI, 257 and 15H05231 to TH) and by the "Tree of Life" research project (Univ. Tsukuba). 258
